Momentum and excitation energy dependence of the "waterfalls" in cuprates. 
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Using high-resolution angle-resolved photoemission spectroscopy we have studied the momentum 
and photon energy dependence of the anomalous high-energy dispersion, termed "waterfalls", be- 
tween the Fermi level and 1 eV binding energy in several high-Tc superconductors. We observe strong 
changes of the dispersion between different Brillouin zones and a strong dependence on the photon 
energy around 75 eV, which we associate with the resonant photoemission at the Cu3p^3d^2_y2 
edge. We conclude that the high-energy "waterfall" dispersion results from a strong suppression of 
the photoemission intensity at the center of the Brillouin zone due to matrix element effects and 
is, therefore, not an intrinsic feature of the spectral function. This indicates that the new high 
energy scale in the electronic structure of cuprates derived from the "waterfaH"-like dispersion may 
be incorrect. 

PACS numbers: 74.72.-h 74.72. Hs 74.72. Bk 74.25.Jb 79.60.-i 



Introduction. It is widely believed that the study 
of many-body effects in the electronic structure of lay- 
ered cuprates is a possible clue to the mechanism of 
high-temperature superconductivity in these materials 
However, even after years of intense studies there 
is still no full understanding of the renormalization ef- 
fects and of the relevant energy scales in their electronic 
excitation spectrum. 

Appearance of the new generation of electron spec- 
trometers with the wide acceptance angle (± 15° for Sci- 
enta R4000) has opened up the possibility of viewing the 
electronic structure of cuprates over a broad momentum 
range covering more than one Brillouin zone (BZ) 01 in 
a single measurement. This has triggered a series of pub- 
lications evidencing anomalous high-energy dispersion in 
the renormalized band structure of Bi2Sr2CaCu208+i5 
ISMS 11, BizSrsCuOe+i 0,0,11, La2-.Sr,Cu04 
m, li, La2^Ba,Cu04 H, Pri_,LaCe,Cu04 0, 
CazCuOzClz and Ba2Ca3Cu408(05Fi_5)2 H at 

the binding energies higher than '^0.3-0.5 eV — a re- 
gion that has previously been scarcely explored. All of 
these reports seem to agree on the qualitative appearence 
of the spectra: (i) in the (0, 0) - (tt, tt) (nodal) direction 
the '^high-energy kink" at ~ 0.4 eV is followed by a nearly 
vertical dispersion {"waterfall") that ends up below 1 eV 
with a barely detectable band bottom approaching that 
of the bare band; (ii) the band bifurcates near the high- 
energy kink, forming another branch with a bottom at 
'--^ 0.5 eV [1, 0, S|; (iii) as one moves away from the nodal 
direction, the "vertical dispersion" persists surprisingly 
up to the (tTjO) (antinodal) point, forming a "diamond" 
shape in momentum space at 0.5 eV (1,U0|; (iv) no de- 
pendence on the doping concentration, momentum, and 
photon energy has been detected so far. 

Unfortunately there is still no consensus on the physics 



behind these phenomena. In principle any strong cou- 
pling to a bosonic mode would lead to the appearance 
of the incoherent spectral weight below the energy of 
the mode [ll|, which can resemble the "vertical disper- 
sion", so distinguishing between different mechanisms is 
impossible without accurate quantitative comparison be- 
tween theory and experiment. Up to now, several qualita- 
tive explanations have been proposed for the high-energy 
anomaly, including a disintegration of the quasiparticles 
into a spinon and holon branch Q , coherence-incoherence 
crossover 0, 0|, disorder-localized band-tailing po- 



larons familiar t-J model with or without \M\ 
string excitations, as well as the self-energy approach 
with strong local spin correlations 01, itinerant spin fluc- 
tuations 0, H, , or quantum criticality • The re- 
ported "diamond"-like momentum distribution of the "wa- 
terfalls" in Bi-2212 with its sides pinned at (±7r/4, ±7r/4) 
around the BZ center could be a sign of BZ folding due 
to some form of antiferromagnetism However, such 

picture is violated in other cuprates and does not appear 
to be universal 01- 

The existence (or non-existence) of a high energy scale 
near 0.4 eV is of fundamental importance for the dressing 
of the charge carriers in high-Tc superconductors. This 
dressing may be related to the strange normal state prop- 
erties of these materials and possibly even to the mech- 
anism of high-Tc superconductivity. Furthermore, "wa- 
terfalls" have been detected for the flrst time in the an- 
gle resolved photoemission (ARPES) spectra of cuprates, 
but never in any other correlated or uncorrelated mate- 
rial. Hence, the clarification of this phenomenon is also 
of great importance for the ARPES method itself, which 
has now developed into one of the most powerful experi- 
mental methods in solid state physics. 

In this letter we report on the photon energy and mo- 
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Fig. 1 (color online), (a) -(h) Typical snapshots of the one-particle excitation spectra of Bi-2212 (a-f) and Y-123 (g, h) 
measured by angle-resolved photoemission with 100 eV photon energy. The spectra (a) - (d) are measured along the high- 
symmetry directions marked by the dashed lines on the Fermi surface map (e). Spectra (a) and (c) from the 1st BZ exhibit 
strong high-energy kinks (black arrows) and "waterfalls", while the equivalent spectrum (b) from the 2nd BZ exhibits no 
pronounced high-energy scales. Additional spectral weight is clearly seen in panel (d), where the curve at the left of the panel 
shows the energy distribution curve at (tt, 0). (f) Constant-energy cut at 0.38 eV below the Fermi level in Bi-2212 showing 
spectral weight depletion along the 1st BZ diagonals, (g), (h) The respective constant-energy maps of Y-123. The 1st BZ on 
the constant-energy maps is confined by the dotted squares, (i), (j) and (k), (1) Pairs of equivalent spectra of Tb- and Pb-doped 
Bi-2212 taken in the 2nd BZ along the (7r,0) and (7r,7r) directions with two different excitation energies as indicated on top of 
each panel. In both directions, the onset of the "waterfalls" behavior suddenly occurs at about 75 eV photon energy. The color 
scale in all panels represents photoelectron intensity. The spectra are normalized to the background above the Fermi level. 
The spectra in panels (k) and (1) are in addition multiplied by a linear function of momentum to enhance the right-hand part 
of the spectrum, which otherwise has much lower intensity than the left-hand part due to the experimental geometry, (m) 
Schematic representation of the experimentally accessible regions of momentum space showing different behaviors of the high- 
energy dispersion in different BZs immediately below 75 eV photon energy. Positive values correspond to the experimental 
geometry approaching normal incidence, (n) Energy distribution curves taken at the F point from spectra shown in panels (i) 
and (k), showing a distinct bottom of the renormalized band at about 0.5 eV. 



mentum dependence of the "waterfalls" in high-Tg super- 
conducting cuprates. We observe strong diflerences in the 
shape of the single-particle excitation spectrum between 
different BZs and its strong dependence on the excita- 
tion energy. This indicates that photoemission matrix 
elements strongly influence the recorded spectral weight 
and that the reported values for a high energy scale, as 
well as the respective physical models, may be incorrect. 

Experiment. In the current study we have used 



high quality single crystals of sHghtly overdoped 
(Bi,Pb)2Sr2CaCu208+5 (T^ = 71 K), slightly under- 
doped (Bi, Pb)2Sr2Cai_a;Tb2:Cu208, optimally doped 
Bi-2212, and nearly optimally doped untwinned 
YBa2Cu306.85 {Tc = 92 K). The samples were cleaved 
in situ in ultra-high vacuum '^1 • 10"^" mbar at 
room temperature and measured within 24 hours af- 
ter cleavage at ~ 20 K. ARPES experiments were per- 
formed at the UE112-lowE PGMa beamhne of the 



2 



Berliner Elektronenspeicherring-Gesellschaft fiir Syn- 
chrotron Strahlung m.b.H. (BESSY) with sub-meV en- 
ergy resolution of the incident Hght. The spectra were 
acquired using a Scienta R4000 electron analyzer with 
30° acceptance angle and 1 meV energy resolution. The 
overall energy and angular resolutions (including thermal 
broadening) were 10 meV and 0.2°, respectively. In our 
experimental geometry the analyzer slit is positioned at 
45° to the synchrotron beam perpendicular to the polar- 
ization direction of the incoming light. 

Results. Here we present several counter-examples 
which show that the "waterfalls" do not necessarily re- 
veal a "new energy scale". In Fig.[T] we show several 
typical photoemission spectra of Bi-2212 along high- 
symmetry directions (panels (a) -(d)) and the constant- 
energy maps at the Fermi level (panels (e) and (g)) and 
at 380 meV below it for Bi(Pb)-2212 and Y-123 (panels 
(f) and (h)). As can be seen from comparison of panels 
(a) and (b), presenting the spectra taken along equiva- 
lent cuts in momentum space in the 1st and 2nd BZ, the 
high-energy kinks and If-shaped "waterfalls" appear in the 
1st BZ, while in the 2nd BZ neither of these features is 
observed. Since both the electronic band structure and 
many body effects remain invariant under any transla- 
tion by a reciprocal lattice vector, the difference between 
these two images can come only from the photoemission 
matrix elements which, as a rule, stron gly depend on mo- 
mentum and excitation energy (itI. [l8l.lig|. 

In panels (i) - (1) we show the energy dependence of the 
spectra along the (tt, 0) and (tt, tt) directions in the 2nd 
BZ taken with the photon energy close to the binding 
energy of the Cu3p level (75.1 eV), where the photoion- 
ization cross section is modified by interchannel coupHng 
of the direct photoemission process with an Auger de- 
cay of the photoexcited Cu3p core hole ji^l. Here we 
also observe an abrupt transition from a V-shaped to a 
Y-shaped dispersion at 75 ± 1 eV photon energy. Panels 
(i) and (k) show spectra below the transition that are to 
be compared with the equivalent spectra shown in panels 
(j) and (1) above the transition energy. Using different 
experimental geometries, i. e. different sample positions 
relative to the analyzer, we can access the 2nd BZ both at 
kx > (experimental geometry approaching normal inci- 
dence) and kx < (experimental geometry approaching 
grazing incidence) . It is remarl-cable that we do not see a 
distinct transition neither in the 1st, nor in the 2nd BZ 
at fca; < 0, as shown schematically in panel (m). At T 
points marked by "V", thelf-shaped dispersion persists at 
all energies, while at the T point marked by "Y", a sharp 
transition from the Y- to the V-like behavior is observed 
at 75 eV photon energy. In panel (n) we show energy 
distribution curves at the F point extracted from spectra 
(i) and (k), where a distinct band bottom at about 0.5 
eV is observed. 

However, the matrix elements can not explain all of 
the high-energy effects. As can be clearly seen both in 



Bi-2212 (panels (b), (d), (f), and (i)) and Y-123 (panel 
(h)), additional incoherent spectral weight is aggregated 
along the bonding directions in the momentum space, 
i.e. {27Tn,ky) and {kx,2TTn), n £ Z, persisting deeply 
below the saddle-point of the conductance band (panel 
(d)) and forming a grid-like structure in the momentum 
space (panel (h)). At the center of the 1st BZ this inco- 
herent component is suppressed by matrix elements to- 
gether with the coherent part of the spectrum, forming 
the "waterfalls" (two long vertically dispersing tails seen 
in panels (a) and (c)) and high-energy kinks. 

In addition, we should mention that in our studies we 
have not detected any significant dependence of the high- 
energy dispersion neither on doping nor on temperature. 

Discussion. Both photon energy dependence near 
75 eV and the dependence on the BZ may be related 
to the resonant enhancement of the Cu photoionization 
cross section at this energy In the Auger process 

which resonates at = 75 eV with the normal pho- 
toemission process, near the threshold the core hole is 
produced by a Cu 3p 3d;^_j,2 transition. According to 
the dipole selection rules [25| this transition is allowed for 
E vectors parallel to the surface of the sample (or to the 
Cu 3dj.2-y2 orbital) and forbidden for E vectors perpen- 
dicular to the surface. Thus we would expect an enhance- 
ment of the Cu ionization cross section above the reso- 
nance for those momenta (sample positions), for which 
the component of E parallel to the surface is significant, 
i.e., for kx > 0. This would mean that changing the 
photon energy from below to above the resonance, small 
changes in the spectral weight should be expected for 
kx <0 and large changes should be expected for kx > 0, 
which is in good agreement with our experimental find- 
ings. 

This suggests that in those BZs where we see for 
< 75 eV a Y-shaped dispersion, we directly probe the 
spectral function of the renormaHzed band without signif- 
icant distortion, while in the other BZs and at higher ex- 
citation energies the V-shaped "waterfalls" are produced 
by a strong suppression of the spectral weight near the 
r point due to matrix element effects jS^]. According 
to such interpretation, the peak seen near 0.5 eV in the 
energy distribution curves extracted from the Y-shaped 
spectra (Fig. l(n)) would be the bottom of the renor- 
maHzed conduction band. It is interesting to compare 
the observed band width with recent calculations of the 
band renormalization due to a coupHng to the charge 
carrier plasmon There the renormalization factor 

Z = 0.5 has been derived, corresponding to the band- 
width narrowing by a factor of two, which is in reasonable 
agreement with the observed bottom of the conduction 
band at 0.5 eV. 

Finally, we discuss the vertical feature close to (tt, 0) 
which extends from '^0.1 to 1.0 eV. Along the cut (d) 
in Fig. 1, it has almost constant intensity below the sad- 
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die point of the conductance band, visible at a variety 
of excitation energies. It is interesting that its distri- 
bution in momentum space is localized along the bond- 
ing directions (Fig. 1(h)). In agreement with this, along 
the (0, 0) - (27r, 0) cut (or equivalent) no feature is ob- 
served at (tt, 0) neither at low {hv = 50 eV) nor at high 
{hu = 100 eV) photon energies (see e.g. Fig. 1(b)). But 
surprisingly, in a similar cut taken with hv = 70 eV (see 
Fig. l(i)) we also see vertical features. They might stem 
from the shadow bands, caused by the orthorhombic lat- 
tice distortions of Bi-2212, which are seen cutting the line 
"a" in Fig. 1(e) near the (tt, 0) point at an angle of 90°. 
Evidently there is a strong enhancement of the shadow 
bands near the photon energy hi/ = 70 eV, which is natu- 
ral, because strong matrix element effects of the spectral 
weight of these bands have been previously detected [2H |. 

Up to now there is no clear understanding of the source 
of the additional spectral weight along the bonding di- 
rections, which manifests itself as the vertical feature at 
(tt, 0) below the saddle point (Fig. 1(d) and (i)) and as 
the "waterfalls" at the F point extending below the bot- 
tom of the conductance band in the energy range be- 
tween 0.5 and 1.0 eV (Fig. l(i) and (k)). Here we men- 
tion only that such an additional component is supported 
by recent optical experiments ji^l- Evidently, this com- 
ponent, either incoherent or extrinsic, represents a new 
phenomenon which deserves more systematic studies as 
a function of photon energy and momentum. Possible 
explanations can be related with the disorder-localized 
in- gap states The inelastic scattering of photoelec- 
trons [Hi can be another option. On the other hand, the 
grid-like momentum distribution of this additional spec- 
tral weight may hint at the presence of a one-dimensional 
structure (2^. If so, then the photoemission spectra 
consist of two components: one from the well studied 
two-dimensional metallic phase and another from an un- 
derdoped one-dimensional phase. Such a scenario would 
be consistent with the "checkerboard" structure observed 
by scanning tunneling spectroscopy in lightly hole-doped 
cuprates [30|. 

Conclusions. In the present study we have demon- 
strated that the recently observed "waterfalls" present in 
the ARPES spectra of cuprates are to a large extent a 
result of the matrix element effects. This could indicate 
that the postulated new high-energy scale in cuprates 
near 0.4 eV is not inherent in the single-particle spec- 
tral function of these materials. At least we emphasize 
that due to matrix element effects this new energy scale 
can be hugely distorted, complicating correct determina- 
tion of the real dispersion, which is crucial for the high- 
Tc superconductivity problem, where understanding the 
nature of coupling requires the knowledge of very fine 
details of both the one-particle and two-particle spectra 
[ill . Still, we note that the present results do not doubt 
the renormalization of the bare band at high energies 
{lu > 100 meV) due to coupling of the charge carriers to 



spin fiuctuations, plasmons or other bosonic excitations 

[ill, [33. 
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